Static LSFO thin-film X-ray diffraction. This radial scan along the out-of-plane [111] direction was performed at T=121 K. Miller indices HKL are indexed with respect to the Bragg peak of LSFO film in the ground state.
Supplementary Note 2 Lattice recovery and the thermal transport process
The representative lattice dynamics measured by the change of 222 Bragg reflection as a function of time at 121 K are shown in Supplementary Figure 4 . Similar measurements are performed at various temperatures, and the recovery time of the lattice constant is summarized in Fig. 3e . The maximum temperature jump ΔT is 24 K at 100 ps, calculated based on the shift of the 222 Bragg peak. The Poisson effect needs to be taken into account due to (1) the in-plane constraint of epitaxial strain from the substrate (2) longer time scale of the heat transport along the in-plane direction than that along out-of-plane direction upon optical excitation [1] . The resulting temperature change is ∆ܶ = ఌ ఈ (1 − ‫1(/)ݒ‬ + ‫,)ݒ‬ where ε is the observed strain of 0.04% and α is the thermal expansion coefficient approximated by the value of La0.25Fe0.75FeO3 1.55×10 -5 K -1 [2] , and ‫ݒ‬ is Poisson's ratio 0.318, approximated by the value of LaFeO3 [3] .
The recovery of the lattice dynamics was measured by monitoring the 222 Bragg peak shift. Measurement 1 and 2 were performed at a sample temperature of 121 K and 300 K respectively, shown in Supplementary Figure 4 (a). The agreement of these scans also shows that the lattice cooling is not sensitive to the static sample temperature; this is expected because no structural phase transition is involved in the film, and the thermal conductivity of the substrate (SrTiO3) does not change significantly between 121 and 300 K [4] . Using parameters listed in Supplementary  Table 1 , we calculate the time-dependent film temperature by solving the thermal transport equation (e.g., see Sec. 4 in Ref. [5] , and the Supplemental Material of Ref. [1] ). The results are shown as a solid curve in Supplementary Figure 5 and agree with the measurement well.
The measured strain at a delay of 200 ns only corresponds to a film temperature increase of 0.5 K, on the order of the sensitivity of the measurement. At this delay, however, the CO diffraction intensity is still far from a full recovery as shown by the pink curve in Fig. 3d , significantly deviating from the lattice recovery.
Parameters La1/3Sr2/3FeO3 SrTiO3
Thermal conductivity (W m -1 K -1 ) 5 [6] 10.7 [4] Heat Capacity (J g -1 K -1 ) 0.4 [7] 0.57 [8] Kapitza Constant (W cm -2 K -1 ) 10000 [9] Supplementary Table 1 Thermal properties of the film and substrate. These parameters were used for the one-dimensional thermal transport calculation. 
Supplementary Note 3 Steady-state sample temperature calibration
Due to high repetition rate of the pump laser (54 kHz) used in the time-resolved x-ray diffraction experiments, the local film temperature under pump laser illumination was higher than the temperature measured by the platinum resistor (PT-100) sensor attached to the sample holder. We calibrated the "steady-state" sample temperature by comparing the CO diffraction intensity with laser illumination to the static temperature-dependent CO intensity measurements, shown in Supplementary Figure 6a . In this regime below the phase transition temperature of 200 K, the sample temperature is proportional to the incident laser power since the involved latent heat is a small fraction of the total latent heat of LSFO [7] .
The CO peak intensity measured 1 ns before laser excitation was used to gauge the local film temperature by comparing it with the static temperature-dependent CO intensity. The measurement was performed with the temperature sensor reading T = 178 K at zero laser fluence. The CO diffraction intensity was measured as a function of the laser fluence. By adjusting the scaling of the horizontal axis on the bottom of Supplementary Figure 6a , the change of diffraction intensity as a function of absorbed fluence (square) was matched to that as a function of temperature (triangle), so that the bottom (fluence) and top (temperature) horizontal axes have a one-to-one mapping. For example, at the absorbed pump laser fluence 2.9 mJ cm -2 indicated by the red arrows, the photoinduced CO peak intensity decrease (-16%) before time zero is comparable to that when the sample temperature increases from 178 to 191 K, which means the local sample temperature is 13 K higher than the measured sample holder temperature. The local sample temperature at other pump laser fluencies thus can be calibrated accordingly.
The accuracy of the sample temperature calibration is further confirmed by the slowing down of the recovery dynamics measured under different pump laser fluences. Supplementary Figure 6 b summarizes the recovery time constants as a function of the calibrated temperatures, measured by probing CO diffraction peak and the optical reflectivity. For the optical pump-probe experiment at 1 kHz repetition rate, the average pump laser heating effect is negligible. For time-resolved xray diffraction experiments, the corresponding temperature jump at absorbed pump laser fluences of 2.9, 2.3 and 1.5 mJ cm -2 are 13 K, 10.3 K, and 6.7 K respectively. After calibrating the film temperature, the slowing down starts to occur around 190 K ( Supplementary Figure 6b ) regardless of the pump fluences, indicating that the calibration procedure helps measure the local film temperature reliably. We estimate the temperature calibration error is 1 K.
Supplementary Figure 6 Calibration of film temperatures for time-resolved x-ray diffraction measurements. (a) Relative CO peak intensity change as a function of the absorbed pump laser fluence (black) and static film temperature (red). The film temperature measured 1 ns before the laser excitation is 178 K. (b) The CO recovery time constant as a function of temperatures measured at different absorbed pump laser fluences. Optical pump-probe measurements from Fig. 2b are also shown by stars for comparison.
Supplementary Note 4 Fitting procedures
The results of time-dependent x-ray diffraction measurements shown in Fig. 3b and 3d were fit by an exponential decay function: ‫)ݐ(ܫ‬ = ‫ܫ‬ exp ቀ− ௧ ఛ ቁ + ܿ, where I0 and c are constants and τ is the decay time constant.
The temperature-dependent recovery time constant of CO diffraction intensity (Fig. 3e) is fit by the scaling law: τ = τ0 (1-T/Tc) -Δ . By fixing Tc = 200 K as experimentally measured, the best fit yields τ0=1.5 ± 0.6 ns and Δ = 1.25 ± 0.10. Since the fitting results are sensitive to the film temperature, we studied the impact of the film temperature on the fitting results. Using x-ray data as an example, the fitting results at various Tc are summarized in Supplementary Table 2 .
Considering the temperature uncertainty of 1 K in the experiment, we show the mean critical exponent Δ=1.24 ± 0.19 with the error bar as the standard error of the mean. The increase of uncertainty of Δ due to uncertainty of sample temperature of 1 K does not affect the conclusions.
Fitting results
Tc (K)  199 200 201 Δ (x-ray) 0.90 ± 0.09 1.25 ± 0.10 1.57 ± 0.11 R-square 0.947 0.968 0.977
Supplementary Table 2 The fitting results and fitting errors at various fixed Tc. To compare with the critical scaling of the 2D Ising model [10, 11] , we fixed Δ = 2.16 and Tc=200 K. The best-fit curve deviates from the data points ( Supplementary Figure 7) . To compare with the nucleation and growth model, the time constant of the recovery of CO diffraction intensity τ is proportional to the temperature-dependent nucleation rate of CO domains ܰ = ܰ exp (− (்ି் ) మ ) [12] . Therefore, ߬ = ߬ exp ቀ (்ି் ) మ ቁ. Since τ0 ~3 ns as shown in our measurements, we fixed τ0 =3 ns and Tc = 200 K. The fit yields B=20 K 2 and is shown in the dotted line of Supplementary Figure  7 . The deviation of the dotted curve from the measured data points indicates that the temperaturedependent nucleation and growth does not explain the observed slowing down well. 
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